A numerical study on heat and mass transfer in an annular adsorbent bed filled with adsorbent granules for an isobaric adsorption process is performed. In order to reduce the number of independent parameters that influences heat and mass transfer in the bed, the governing equations and related initial and boundary conditions for the problem are non-dimensionalized and this yields two dimensionless parameters as G and Γ. The G dimensionless parameter is the ratio of heat of adsorption to sensible heat stored by adsorbent particle and Γ parameter compares mass diffusion within the adsorbent particle and heat diffusion in the radial direction of the adsorbent bed. The obtained results show that the total dimensionless time for an adsorption process can be reduced by increasing of Γ value. The total dimensionless time is independent from G for low values of Γ (i.e. Γ = 10 ). The present study is performed for Γ values from 10 − 5 to 1 and G value from 1 to 100.
Introduction
Adsorption technology has a wide application in industry such as pollution control and gas separation. Adsorption of a gas is an exothermic process whereas the reverse process, desorption, is an endothermic one. Recently, adsorption based heat storage and refrigeration systems have gained the attention of researchers. The utilization of the adsorption-desorption cycle was first proposed by Close [1] who had obtained warm and relatively dry air by using a silica gel adsorbent bed. After that, a solar refrigerator was constructed by Tchernev [2, 3] and then the adsorption heat pump has gained special emphasis.
Generally, adsorbent beds can be classified into two groups as closed and open beds. An open adsorbent bed can be a packed or fluidized bed with one or more inlets and outlets for adsorptive flow. It generally operates under atmospheric pressure. However, a closed type bed operates under low or high pressure which requires a closed shell [4] . The adsorbent bed used in the adsorption heat pump is a closed type and it enables the combination of heat storage and heat pumping functions in the same system. Studies on adsorption heat pump have increased considerably due to its advantages such as operation with low level temperature heat reservoir, utilization of waste heat and alternative energy sources such as solar or geothermal energies.
Two kinds of mass transfer occur in a granular adsorbent bed; mass transfer within the adsorbent particle (intraparticle mass transfer) and mass transfer through the adsorbent bed (interparticle mass transfer). The interparticle mass transfer mostly occurs due to the pressure difference of adsorptive in the adsorbent bed. The intraparticle mass transfer is generally formed by diffusion mode of transport. The rate of heat and mass transfer in an adsorbent bed of adsorption heat pump depends on many parameters such as particle size, thermal and mass diffusivity, porosity, thermal conductivity and adsorption equilibria of adsorbent-adsorbate pair, etc. The theoretical or experimental study on the effects of all these parameters for an adsorption or desorption process is complex. The non-dimensionalization of governing equations can reduce the number of independent parameters and simplify understanding of their effects on the adsorption or desorption process. Although the number of dimensional theoretical studies on heat and mass transfer in adsorbent bed of adsorption heat pump is considerable [5] [6] [7] [8] [9] , limited dimensionless studies have been performed. Leong and Liu [10] numerically studied heat and mass recovery adsorption cooling cycle to investigate the effects of system design and operation parameters on the performance of cycle. Heat and mass transfer equations for adsorbent bed and mass transfer equation for adsorbent particle are non-dimensionalized in their study. Cacciola et al. [11] performed a study on dynamic simulation of recuperative adsorption heat pump. They used uniform temperature and pressure model and made the governing equations dimensionless to find the variations of temperatures of reactors, condenser and evaporator and to determine thermal power during system operation. Marletta et al. [12] employed a non-uniform temperature and pressure model for heat and mass transfer in 
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International Communications in Heat and Mass Transfer j o u r n a l h o m e p a g e : w w w. e l s ev i e r. c o m / l o c a t e / i c h m t compact adsorbent beds. The adsorbent bed is a cylindrical and coated type. They declared that the developed model allows an accurate description of heat and mass transfer for consolidated type adsorbents. Sun et al. [13] performed a theoretical analysis of coupled heat and mass transfer in a cylindrical adsorbent bed heated by an external fluid for zeolite 13X-water and zeolite 13X-ammonia pairs. The energy equation for heating fluid and tube, heat and mass balances for the adsorbent bed and Ergun's equation are non-dimensionalized in their study. Moreover, Chahbani et al. [14] investigated the effects of mass transfer kinetics on the performance of adsorption heat pump systems and they declared that restoring to the instantaneous equilibrium or LDF models instead of solid diffusion model can lead to erroneous simulation results. In this study, heat and mass transfer in a granular adsorbent bed for an isobaric adsorption process is investigated numerically. The approach of present non-dimensional study is different than the approaches reported in literature [11] [12] [13] . Under the performed assumptions, nine independent variables which effect heat and mass transfer in the bed are combined only in two independent variables as G and Γ. The heat transfer equation for the adsorbent bed and equation of the mass transfer for adsorbent granule are nondimensionalized. The corresponding initial and boundary conditions are also non-dimensionalized and the solution for the set of governing equation is obtained. Finite difference method is employed to solve the governing equations. The effects of G and Γ parameters on local and average temperatures and adsorbate concentration in the adsorbent bed for the adsorption process are studied. Moreover, a study on the comparison of three models used to simulate mass transfer through an adsorbent granule as instantaneous equilibrium, linear driving force (LDF), and solid diffusion models is performed and the obtained results based on G and Γ parameters are discussed. 
The considered adsorbent bed

Governing equations
The mechanisms of heat and mass transfer in a granular adsorbent bed are coupled and complex, hence some assumptions have to be made to pose the governing equations. The assumptions made in this study are: 1) the pressure distribution in the bed is uniform and the adsorptive can be transferred rapidly between particles, 2) the adsorbent bed consists of uniform size adsorbent particles and the bed porosity is constant, 3) the adsorptive and adsorbent granules are in thermodynamic equilibrium, 4) thermal resistance within the adsorbent granule is neglected, 5) thermal properties of the adsorbent, adsorptive and adsorbate are constant, 7) heat transfer rate at R = R i is negligible, and 8) wall thermal resistance between the bed surface and granule is not considered. Under the above assumptions, heat transfer equation for the adsorbent bed can be written as:
where (ρC p ) eff and α eff are the effective thermal capacitance and effective thermal diffusivity of the adsorbent bed. The effect of adsorption in the granule is contributed by ∂W ̅ /∂t in Eq. (1).
Since interparticle mass transfer resistance is assumed negligible and adsorptive pressure between particles does not vary during adsorption process, there is no need to write mass transfer equation for adsorptive flow through the bed. However, a relation is required for the determination of adsorption rate in the adsorbent particle. There are three models used to describe adsorptive transfer in an adsorbent particle: instantaneous equilibrium, linear driving force (LDF), and solid diffusion models. In the instantaneous equilibrium mass transfer model, the adsorptive transfer within the particle is assumed sufficiently rapid such that almost no concentration gradient occurs in the adsorbent particle. The adsorbate concentration in the adsorbent particle is almost uniform and it is equal to the adsorbate concentration at the surface of the particle which is at equilibrium state. Mathematically, the instantaneous equilibrium model can be written as;
where W ̅ and W ̅ ∞ are the average adsorbate concentration in the adsorbent particle and equilibrium adsorbate concentration. The second approach for the determination of adsorbate change in an adsorbent particle is the LDF model. According to this model, the change of mean adsorbate concentration with time is proportional to the difference between the adsorbed and equilibrium concentrations:
where D eff and r p represent effective diffusivity and radius of adsorbent particle.
The solid diffusion model is based on Fick's law and the following partial differential equation should be solved to obtain the variation of local adsorbate concentration with time in the particle:
Then, the change of mean adsorbate concentration of the particle with time is obtained by integration of local adsorbate concentration over the particle volume:
The surface of adsorbent particle is at equilibrium condition. The following dimensionless parameters are defined to obtain the dimensionless form of the governing equations (Eqs. (1-4) )
The (6) are T a and (T d − T a ). By using the above dimensionless parameters, the dimensionless form of heat transfer equation for the bed become as:
while the dimensionless forms of three mass transfer model for adsorbent particle are:
where G and Γ in the above equations are dimensionless independent parameters and they are defined as: 
The dimensionless parameter G represents the ratio of heat of adsorption to the sensible stored heat. The Γ parameter refers to the ratio of mass transfer diffusion in the radial direction of adsorbent particle to the heat transfer diffusion in the radial direction of the adsorbent bed.
In order to solve the mass transfer equation for the particle, a relation for equilibrium state must be known. Hence, we need an additional equation for the determination of equilibrium concentration (i.e. W ̅ ∞ ⁎ ) for the given adsorptive pressure and temperature. Fig. 2(a) shows a schematic view of the variation of pressure with temperature for silica gel-water pair for equilibrium state. The following isotherm equation can be used to determine equilibrium concentration for the given pressure and temperature [15] [16] [17] :
where k and n are constants and depend on adsorbent-adsorbate pair. For the silica gel-water pair considered in this study the values of k and n are 0.552 and 1.6, respectively. The symbol P s represents saturation pressure at the considered temperature. Since the dimensionless forms of the governing equations are solved in this study, the dimensionless form of the adsorption equilibria is also required. The dimensionless form of the adsorption equilibria was found by numerical methods in the present study. A schematic view of dimensionless adsorption equilibria is shown in Fig. 2(b) . Some values of G and Γ for silica gel-water, active carbonmethanol, and zeolite 13X-water pairs are shown in Table 2 by using the thermophysical properties of these pairs at 53.5°C presented in Table 1 [18] [19] [20] [21] [22] [23] . In this study, the effective thermal capacity and thermal conductivity are calculated by using the following relations:
As seen from Table 2, the particle radiuses are considered as 0.1, 0.5 and 1 mm, and consequently the values of G and Γ are changed. Based on this table, the values of G and Γ are changed from 1 to 100 and from 10 − 5 to 1, respectively. The initial condition for the problem can be written as:
The boundary conditions for the problem are:
Solution method
Finite difference method is used to solve the governing equations. By substituting of initial values into the dependent variables (θ and W ̅ ⁎ ), heat transfer equation for the bed, Eq. (7), is solved to determine local dimensionless temperature in the adsorbent bed. Then, by using the dimensionless temperature values, mass transfer equations (Eqs. (8)- (10)) are solved to calculate dimensionless adsorbate concentration in the particle. An inner iteration is used to obtain the simultaneous solution of heat transfer equation for the bed and mass transfer equation for the particle. Then, the time is increased. For solid diffusion model (Eq. (10)), after obtaining local adsorbate concentration in the adsorbent particle, the average of adsorbate concentration in the particle was determined. The following convergence criterion was used for inner iterations:
where ϕ represents W ̅ ⁎ and θ. The procedure is continued until the adsorbate concentration and temperature reached to final values as W ̅ ⁎ = 0.9995 and θ = 0.0005. Fig. 3 shows the variation of average dimensionless temperature versus dimensionless time for three different numbers of nodes as 6, 10 and 20 when G = 1 and Γ = 1. As is seen, the variations of the average dimensionless temperature with time for all of the three different numbers of nodes are close to each other. To save the computational time, the number of nodes was taken as 10 in the present study and it is sufficient to obtain accurate results.
Result and discussion
The non-dimensionalized governing equations reduce the number of independent parameters to two parameters as G and Γ. It should be mentioned that the results of the present study is valid for adsorbent bed with R o /R i = 2.The parameter G is the ratio of heat of adsorption generated in the adsorbent bed to the sensible stored heat during the adsorption process. Large values of G signify high heat of adsorption compared to the sensible heat stored by the adsorbent. The Γ parameter refers to the ratio of mass diffusion in radial direction of adsorbent particle to the diffusion of heat in radial direction of adsorbent bed. The high value of Γ shows that the diffusion of mass in the radial direction of the adsorbent particle is faster than the transfer of heat in radial direction of the adsorbent bed. For the high values of Γ, the adsorptive can be adsorbed immediately in the adsorbent particle and the adsorbate concentration in the adsorbent particle may be expected to be almost uniform. In this case, the mass transfer resistance in the particle can be neglected; therefore heat transfer resistance through the adsorbent bed controls the adsorption process.
For low values of Γ, the propagation of heat in the adsorbent bed is faster than the adsorptive transfer in the adsorbent particle. Hence, mass transfer resistance in the adsorbent particle is expected to control the adsorption process. Fig. 4 shows the change of averages of dimensionless adsorbate concentration and temperature with dimensionless time for two different values of G and Γ. The results were obtained by LDF method. As shown in Fig. 4(a) , the average of dimensionless temperature decreases with time while the average of adsorbate concentration increases when G = 1 and Γ = 1. The total dimensionless time for the adsorption process for this case is around Δτ = 6.95. For low values of Γ (i.e. Γ = 10 − 5 ) when G = 1, the average of dimensionless temperature rapidly falls while adsorbate concentration increases slowly as seen from Fig. 4(b) . By the decrease of Γ value to 10 − 5 , the total dimensionless time of adsorption process considerably increases and attains to 52,400. The low value of Γ denotes the slow mass diffusion in the particle and that's why the adsorption time is highly increased. The changes of W ̅ ⁎ and θ for G = 100 and Γ = 1 are similar to those of Fig. 4(a) , however the total dimensionless time of adsorption increases 61-fold due to the increase of G which is a source term in Eq. (7) and the increase of G value increases the period of adsorption process. Fig. 4(d) shows the variation of W ̅ ⁎ and θ for G = 100 while Γ = 10
. Similar to Fig. 4(b) , the decrease of Γ signifies a lower heat transfer resistance in the adsorbent bed in radial direction and therefore the average dimensionless temperature rapidly falls. The ), the diffusion of heat through the adsorbent bed is faster than the diffusion of adsorptive in the adsorbent particle. After dimensionless time as τ = 2, the distribution of temperature in the adsorbent bed becomes uniform and drops to around θ = 0 which overlaps the X axis. However, the adsorbate concentration attains to steady state after τ = 52,400 signifying that the low speed of adsorptive diffusion in the particle causes the increase of adsorption period. The distribution of local W ̅ ⁎ and θ for G = 100 and Γ = 1 are shown in Fig. 5(c) . Similar to Fig. 5(a) , both the temperature and adsorbate concentration profiles in the adsorbent bed approaches the steady state at the same time however the increase of G increases the period of adsorption process to τ = 422. The profiles of W ̅ ⁎ and θ for the large value of G (i.e. G = 100) but for small value of Γ (i.e. Γ =10 − 5 ) are illustrated in Fig. 5(d) . Heat transfer through the adsorbent bed is faster than mass transfer in the particle and almost uniform mass transfer profile occurs during adsorption process.
The variation of total dimensionless period of adsorption process with Γ for G = 1 and 100 is presented in Fig. 6 . The mass transfer resistance through the particle becomes smaller by the increase of Γ value from 10 − 5 to 1, and therefore total dimensionless period of adsorption process is decreased. The increase of Γ from 10 − 5 to 1 reduces the total dimensionless adsorption period by 753% when G = 1. For large values of Γ, mass transfer resistance is negligible and heat transfer through the bed is the main transport resistance. The similar changes of total dimensionless period with Γ can also be observed when G = 100. However; the rate of decrease of total dimensionless period is smaller compared with that of Γ = 1. The increase of the value of G increases the value of source term in Eq. (7) and consequently the cooling of the adsorbent bed becomes slower. Fig. 7 shows the comparison of average of adsorbate concentration versus dimensionless time for three mass balance models for the adsorbent particle as instantaneous equilibrium, LDF and solid diffusion models and for two different values of Γ as 10 − 5 and 1 when G = 1. As shown in Fig. 7(a) , the changes of W ̅ ⁎ for all three models are very close to each other when Γ = 1. Therefore, all three models can be used for high values of Γ when G = 1. However, the variation of W ̅ ⁎ with dimensionless time for instantaneous equilibrium model becomes very different than LDF and solid diffusion models when Γ = 10 − 5 as seen from Fig. 7(b) . The adsorbate concentration rapidly attains to equilibrium condition for instantaneous equilibrium model and it overlaps the Y axis. The changes of the average of dimensionless concentration with time for LDF and solid diffusion models are similar to each other. This figure shows that the equilibrium model cannot be used for low values of Γ, but LDF and solid diffusion models provide similar results. Although the analytical solution of solid diffusion model provides the exact solution for the changes of adsorbate concentration in the particle, the LDF model is more preferable due to saving of computational time. The obtained results show that the similar behavior observed for G = 1 is valid when G = 100.
Conclusion
The non-dimensionalization of the governing equations for a granular type adsorbent bed for an isobaric adsorption process reduces the number of parameters and yields two dimensionless parameters as G and Γ. Under the made assumptions and based on the obtained results the following remarks can be concluded:
-For an adsorbent bed with constant G value, the decrease of Γ value causes the increase of mass transfer resistance in the particle compared to resistance of heat transfer through the adsorbent bed. Therefore, the total dimensionless period for adsorption process is increased. -For an adsorbent bed with constant Γ value, the increase of G value increases the value of source term in the dimensionless heat transfer equation, and consequently the dimensionless period of process increases. -For low values of Γ (i.e. Γ = 10 − 5 ), the change of G does not highly influence the total dimensionless period of the process but for high values of Γ (i.e. Γ = 1) the total dimensionless period of adsorption process considerably decreases with a decrease of G value. -For high values of Γ (i.e. Γ = 1), the solutions of the governing equations for all three models of mass transfer within a particle (instantaneous equilibrium, LDF and solid diffusion models) are very close to each other. However, for low values of Γ (i.e. Γ =10 − 5 ) the results of instantaneous equilibrium model becomes too different than those of LDF and solid diffusion models signifying that the instantaneous equilibrium model cannot be used for problems with low values of Γ.
-For the range of Γ and G studied in the present work, the results of LDF and solid diffusion models are found close to each other.
The present parametric study can be extended to two or three dimensional problems with different initial and boundary conditions to observe the effects of G and Γ parameters on heat and mass transfer in a granular adsorbent bed better. .
